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A report describing the operating principles of hollow-cathode-based plasma contactors emitting

or collecting electrons from an ambient plasma is summarized. Preliminary experiments conducted

to determine the noise generated by these plasma contactors in the emission=cur_nt return line and

in the plasma near it axe described. These noise data are measured as current fluctuations in the

return line and to a Langmuir probe and then analyzed using a fast-Fourier-transform technique.

The spectral compositions of the data are characterized using power-spectral-density plots which arc

examined to identify possible noise source(s) and procJuction mechanism(s). The precautions taken

in the construction and calibration of the instrumentation to assure adequate frequency response are

described. EXperimental results show that line-current noise levels are typically 2 % of the electron

current being emitted or collected. However, noise levels increase to as much as 20% of the

electron current at a few electron-collection operating conditions. The frequencies associated with

most of the noise were harmonics of the 60 I-Iz input to system power supplies. Plasma noise had

characteristics similar in magnitude and frequency to those for the return-line noise, but they

contained additional features at frequencies considered to be related to ion-acoustic instabilities.

Also discussed is a new probe positioning system built to facilitate future olas0aa-contactor research.
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Summary

AN EXPERIMENTAL INVESTIGATION OF

HOLLOW-CATHODE-BASED PLASMA CONTACTORS

yohn D. Williams

A major _ch effortdesignedtoidentifythesteady-stateoperating

characteristicsof hollow-cathode-basedplasma contactorswas completedduringthe

periodcoveredby thisreport.The completeresultsof thiswork and theconclusions

drawn from itaregivenin Ref. [I]and theywillbe repeatedhere only in summary.

Reference[i]presentsexperimentalresultswhich describetheoperationand the

plasma environmentdownstream of a hollow-cathode-basedplasma contactor

collectingelectronsfrom or emittingthem toan ambient,low-density,Maxwellian

plasma. A one-dimensional,phenomenologicalmodel of thenear-fieldelectron

collectionprocess,which was formulatedfrom experimentalobservations,is

presented.The model identifiesthreedistinctplasma regions,namely, a plasma cloud

adjacentto thecontactor,an ambientplasmafrom which electronsarecollected,and

a double-layerregionthatdevelopsbetween thesetwo plasma regions.Resultsof

electronemissionexperimentsarealsopresented.An importantobservationismade

on thebasisof retardingpotentialanalyzer(RPA) measurements which show thathigh

energy ionsgenerallystreamfrom a contactoralongwiththeelectronsbeingemitted.

A mechanism forthisphenomenon ispresented.Itinvolvesa highrateof ionization

inducedbetween electronsand atoms flowingtogetherfrom thehollow-cathode

I



orifice. It is suggested that this can result in the development of a region of high

positive space charge and, therefore, high positive potential. Langmuir and RPA

probe data suggest that both electrons and ions expand spherically downstream from

this potenfial-lfiU region. In addition to experimental observations, a one-dimensional

model which describes the electron-emission process and predicts the phenomena just

described is presented and shown to agree qualitatively with measured results.
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NOISE ASSOCIATED WITH HOLLOW-CATHODE-BASED

PLASMA CONTACTOR OPERATION

Brett Buchholtz

Introduction

Hollow-cathode plasma contactors have been proposed for use on spacecraft

because of their ability to emit electrons to or collect them from an adjacent space

plasma and thereby hold spacecraft potentials close to the potential of that plasma.

Results obtained in the laboratory [1,2,3] and numerical analyses [4] suggest that they

should be able to conduct either the modest currents associated with natural charging

events [5] or the more substantial ones which are expected when devices such as the

electrodynamic tether are operated [6]. In order to minimize interference with

communications equipment, on-board electronics and instrumentation, it is important

that the plasma contacting process induce minimal electromagnetic noise whether it be

radiated into space or transmitted directly into the spacecraft-ground network. If

noise is generated, it is important that its frequency and amplitude characteristics be

known so proper filtering precautions can be introduced. Further, the effects of

changes in contactor operating conditions on the characteristics of the induced noise

should be known and understood.

Although in-space experiments will ultimately be required to demonstrate the

noise characteristics of plasma contactors in that environment, ground-based

experiments provide useful insight into the magnitudes, frequencies, and causes of

electrical noise associated with the plasma-contacting process. Results from the less

costly ground-based tests can serve as a guide to hollow-cathode-plasma-contactor

3



designand the eventual conduct of space experiments. This report describes an initial

ground-based investigation of the noise produced by a plasma contactor that can emit

electrons to or colect them from a plasma source (the simulator) that produces a

diffuse ambient plasma in a vacuum chamber housing the contactor.

In general, noise appears as "hash" or random fluctuations about mean values

of variables such as currents or voltages. The noise produced by a plasma contactor,

for example, can be expressed in terms of current fluctuations about the mean

electron current being emitted or collected. Contactor noise may also be reflected in

potential and/or density fluctuations in the plasma surrounding the contactor. This

noise can be detected by a Langmuir probe in the form of fluctuations in the current

being drawn to the probe. Information can be extracted from fluctuating signals like

the two just described by transforming the temporal fluctuation data into the frequency

domain. An examination of the transformed data can reveal dominant frequencies in

the power spectrum (a plot of power within a narrow bandwidth against frequency).

From this specific information it should be possible to understand the mechanisms that

induce the noise and to design and construct filters that will reduce or eliminate its

undesirable effects.

This report will focus on 1) the construction of the instrumentation used to

make electrical-noise measurements associated with hollow-cathode-based plasma

contactor operation and 2) preliminary experimental results and first order

interpretations of the noise measured under various plasma contactor operating

conditions. The instrumentation includes Langmuir probes, filters and a digital

oscilloscope used to sense and record the signals. Calibration procedures that were

designed to demonstrate adequate frequency response of the system up to the

4



frequencylimit of the oscilloscope (100 kHz) will be shown. Experimental results

that illustrate the general nature of the noise produced under quiet and noisy contactor

operating modes will be presented.

Apparatus and Procedures

Noise data were collected while a hollow-cathode plasma contactor was

exchanging current with an ambient plasma in the 5.3 m long by 1.2 m diam.

cylindrical vacuum tank shown schematically in Fig. 1. The ambient plasma was

generated principally by the simulator shown near the center of the tank. The plasma

contactor was mounted at one end of the vacuum tank and it actually emitted electrons

to or collected them from this simulator via the ambient plasma. Plasma properties

were measured using spherical Langmuir and emissive probes attached to a probe

support rod which positioned them radially and axially in the region between the

contactor and simulator (Fig. 1).

The hollow-cathode plasma contactor used for all of the noise experiments is

similar to one used in previous contactor performance studies [1,2,3]. This contactor,

which is shown schematically in Fig. 2a, consisted of a 0.6 cm diameter tantalum

hollow-cathode tube capped by a thoriated-tungsten plate with a 1.0 mm diameter

orifice. A tantalum-foil insert located within the cathode was coated with a low

work-function materials (BaCO 3 and SrCO3) which served to provide electrons at

modest temperatures. During operation, a discharge was maintained between the

cathode and an anode located -4 mm downstream. The anode is a 1.3 cm I.D by

12 cm O.D. stainless steel plate with a 3 mm I.D. by 5 mm O.D. tantalum loop at its

center (Fig. 2a). The loop is made of refractory metal so it will withstand melting at

the temperatures induced in region of the anode nearest the cathode under some

5
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higher discharge-current operating conditions.

The simulator used for the experiments is shown schematically in Fig. 2b. It

consists of a mild-steel, cylindrical discharge chamber with an inner diameter of 9.2

cm and a length of 7.4 cm which houses a cathode and some magnets. The cathode,

which emits electrons thermionically, is fabricated from 0.25 mm diameter tungsten

wire and the magnets are made of samarium-cobalt. The field induced by the

magnets impedes the flow of electrons from the cathode to the anode (Fig. 2b) until

they have had many opportunities to have inelastic collisions with atoms supplied into

the chamber. These collisions result in the production of ions needed to sustain the

ambient plasma. Both the contactor and simulator used xenon gas as expellants.

The plasma contactor and simulator were connected in the electrical

configuration shown schematically in Fig. 3. With the switches depicted in the figure

toggled to their proper place, the plasma contactor could either emit electrons fEE) to

or collect electrons fEC) from the simulator. Noise measurements were made in the

emission current return line by recording current fluctuations in the form of voltage

fluctuations across the 1 fl resistors shown in Fig. 3 (Resistor A for electron emission

and ResistorB forelectroncollection).

the "linenoise"in thetextthatfollows.

These current fluctuations will be designated

Additional noise measurements made in the

plasma downstream of the contactor were sensed as current fluctuations to the

Langmuir probe when it was biased at local plasma potential. The fluctuations will

be designated as the "plasma noise'. For both line and plasma noise measurements,

care was exercised to ensure that 1) the over'aU response of the instrumentation was

adequate to provide accurate frequency detection within the range of frequencies being

investigated and 2) the data were properly filtered to prevent the appearance of

8
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erroneous, aliased data in fast Fourier transform output and

The fast Fourier transform (FFT) technique [7,8] was used to transform

discrete, fluctuating-voltage noise data which had been sensed and recorded, into the

frequency domain. A FFT computer code similar to that used for data analysis in this

report can be found in Reference [7]. Appendix A provides an explanation of the

important steps used to acquire, transform (into the frequency domain), and interpret

noise data using the FFT. Data in the frequency domain are often presented in a

standard power-spectral-density (PSD) format where PSD is plotted against frequency.

The PSD is defined as the mean-squared amplitude of a signal at a given frequency

divided by the bandwidth associated with the measurement [9]. The resulting plots

can be integrated over a prescribed frequency range to obtain a mean-square value of

the amplitude t:or that frequency range (see Appendix A).

Instrumentation Calibration

In order to 1) characterize the frequency response of the instrumentation used

to sense, transmit, and record noise data and 2) evaluate the software used convert the

data into power-spectral-density plots, signals of known frequency and amplitude were

inputed to two different portions of the system. First, the suitability of the

20 riB/decade (1-pole) filter built into the oscilloscope was tested in conjunction with

the fast Fourier transform (FFT) computer program. The physical arrangement of the

test is shown in Fig. 4a. It involved transmission of a 3.5 V amplitude sine-wave

signal from a wave generator into the filter first at a frequency of 100 Hz and then at

1 kHz, 2 kHz, 5 kHz, and 10 kHz. The bandpass frequency range of the filter was

set from 10 to 1000 Hz and the sampling rate of the oscilloscope was set at 10.2 kHz

(10,200 data points/see.). This sampling rate, in turn, determines the greatest

10
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frequency that can be detected (the cutoff frequency) without violating the Nyquist

criterion [7,8,9]. This criterion requires that at least two data points be collected

during the period of the wave at the cutoff frequency. Hence, at a 10.2 kI-Iz sampling

rate, the cutoff frequency is -5000 Hz and signals having higher frequencies must be

filtered out to prevent the problem of "aliasing" discussed in Appendix A. Therefore,

the 10 kHz signal, which is being introduced in this test, is likely to be aliased when

the discrete FFT analysis is performed unless the filter (with high frequency limit at

1000 Hz) attenuates it sufficiently.

The PSD data associated with the experiment were computed using the FFT

computer program and they are plotted as PSD against frequency in Fig. 5 on a log-

log scale. The results show all of the input signals, except the 10 kHz one at the

proper frequencies. The PSD magnitudes for the 2 and 5 kHz signals are slightly

attenuated as expected, and the 10 kHz signal, which has been aliased to -700 Hz,

has also been attenuated, but not enough to make it disappear in the white,

background noise. These results suggest a better filter, with a sharper roll-off, is

needed in order to eliminate the aliased signal(s).

A new, 4-pole Butterworth electronic filter with 80 riB/decade roll-off [10],

which was expected to do a better job of removing the high-frequency, aliased signal,

was designed, built and tested. To illustrate the difference in roll-off, both the old

and new filters were calibrated by inputting a sine wave of known voltage amplitude

(Ain) at a particular frequency while sensing and recording the output voltage

amplitude (Aout). The calibrations were carried out at three different bandwidths

(bandpass settings on the filters) and for input signals which covered the frequency

range from 1 to 106 Hz. Output-to-input amplitude ratios are plotted as a function of

12
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frequency on a log-log scale for the old and new filters in Fig. 6. In Fig. 6a it can be

seen that the old filter is a 1-pole device and that it, therefore, attenuates the output

signal at one decade of amplitude per decade of frequency above its cutoff frequency

(i.e. at 6 dB/octave or 20 riB/decade). The new filter, on other hand, is a 4-pole unit

(i.e. it attenuates at four decades of amplitude per decade of frequency, 24 dB/octave

or 80 rib/decade above the cutoff frequency) as shown by the data of Fig. 6b.

In order to illustrate the relative effectiveness of the filters, the new 4-pole

filter was tested using the same configuration depicted in Fig. 4a and the procedure

applied to the old filter; the resulting PSD are plotted in Fig. To. For comparison

purposes, the results obtained using the old filter, Fig. 5, are re-plotted in Fig. 7a.

Comparison of Figs. 7a and "Toshows the new, 4-pole filter attenuates the aliased 10

kHz signal much more effectively than the old, 1-pole one did and is, therefore, the

preferred filter. It is also noted the upper frequency of the 4-pole filter was set at

1000 Hz, and therefore Fig. To shows the 2 and 5 kHz signals are significantly

attenuated. In order to prevent this attenuation from interfering with contactor noise

data, three bandpass ranges and sampling frequencies will be used when complete sets

of data are collected. This will provide reasonable frequency resolution in a

particular bandpass range while at the same time assuring that aliased signals have

been attenuated adequately in the final output.

Another important concern for measuring noise associated with the plasma

contactor was that the instrumentation should have a sufficiently high frequency

response over the range of interest. Adequate frequency response is of greater

concern for plasma noise than for line noise measurements because higher frequencies

from beam instabilities are expected in the plasma downstream from the contactor. In

14
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order to detect these frequencies, plasma noise measurements were made by biasing a

Langmuir probe to plasma potential and then recording probe-current fluctuations by

sensing voltage fluctuations across a 1000 fl shunt resistor in the line to the probe.

The arrangement used to investigate the frequency response of this system is shown

schematically in Fig. 4b. It consists of a wave generator connected to a biased-

Langmuir-probe system (i.e. one biased positive as it would be when used to make

measurements in a plasma). The wave generator had a DC-offset capability so its

mean potential could be adjusted to match the bias voltage applied to the probe. The

wave generator supplied a sinusoidal signal of prescribed frequency and voltage

amplitude (Ain) between the Langmuir probe and ground. The output signal, Aout,

was detected by the oscilloscope across the 1000 fl resistor shown in Fig. 4b. In

order to investigate the probe system frequency response, the wave amplitude (Ain),

wave frequency, DC offset, and coaxial cable length were each varied.

The effect different wave amplitudes had on the frequency response was

investigated by setting the probe bias voltage at 5 V and measuring Aou t over the

frequency range 10 Hz to 10 MHz at various input amplitudes. Typical results (for 4

and 8 V amplitudes) are given in Fig. 8 in the form of a plot of output-to-input

amplitude ratio (Aout/Ain) against input frequency on a log-log scale. This figure

shows that 1) the amplitude ratio is near unity (i.e. Log10 of the amplitude is near

zero) up to 105 Hz and 2) the frequency response is the same at both input signal

amplitudes. The effect different probe potentials had on the frequency response was

studied in a similar fashion by holding Ain at 2 V, and changing the bias voltage from

0 to 5 to 10 V. Again amplitude ratios (AouJAin) were computed from the measured

amplitudes over the same frequency range and the results are plotted in Fig. 9 on a

17
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log-log scale. Modest differences in the amplitude ratio are observed at the three

different bias conditions, but they are not considered significant.

In some situations, coaxial cables with different lengths are used to connect the

Langmuir probe to the bias supply. Hence, the effect of the length of this cable on

the frequency response of the instrumentation was investigated. Typical results for 3

and 9-m-long cables are shown in Fig. 10 for the case where the bias voltage and

wave amplitude were set at 5 V and 2 V, respectively. The dramatic difference in

response of the two cables at 5.5 MHz appears to be related to signal reflection

phenomena. Such reflections can occur at locations where coaxial cable impedances

change and cause disturbances in the frequency response [11]. In the present case it

appears that reflections in the 9-m-long cable may be inducing a resonance.

The maximum frequency detectable by the instrumentation was determined by

a 256 kHz digitizing limit on the oscilloscope available to the project. The maximum

frequency distinguishable by the FFT analysis is half of the digitizing limit, therefore

the maximum frequency detectable is 128 kHz. Figures 6 through 9 show the

response of the instrumentation is good at frequencies ranging to this value, so the

investigation of the noise characteristics of the hollow-cathode-based plasma contactor

to a 100 kHz frequency limit was conducted. The final configurations of the

instrumentation are shown schematically in Fig. 11 where both schemes include the 4-

pole Coandpass) filter which has been identified as the preferred unit. The

instrumentation arrangement used to sense and record line noise given in Fig. lla

includes a lf], current-sensing, shunt resistor which is positioned at one of the two

locations identified in Fig. 3. Plasma noise measurements are made by biasing a 3.1

mm diam. stainless-steel, spherical Langmuir probe to the plasma potential at a

20
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particular location andthenmeasuringcurrent fluctuations across a 1000 t'l, shunt

resistor, placed in series with the probe (Fig. 1 lb). Local plasma potentials were

determined by using an emissive probe at the same location where plasma noise

measurements were made.

As stated previously, it was decided that independent measurements should

be made in three overlapping frequency ranges (0.01 to 1 kHz, 0.1 to 10 kHz and 1

to 100 kHz) to assure adequate attenuation of aliased signals and reasonable frequency

resolution over the complete 0.01 to 100 kHz frequency range. Further, eight sets, or

samples of noise data were taken in each frequency range to complete a measurement.

Next, the FFT of each sample was taken, amplitudes for the various Fourier terms

were determined, and the root-mean-square of these amplitudes were computed for

each frequency range. The maximum theoretical error in the root-mean-square values

determined from eight samples is -35 % [9]. This error can be reduced by taking

more samples (the error is inversely proportional to the square root of the number of

samples taken). In the present case, eight samples was judged to yield a reasonable

balance between the time required to collect the data and the maximum error. Power

spectral densities were computed from the FFT results by dividing the root-mean-

square amplitude at a given frequency by the bandwidth associated with the

measurements. As discussed in Appendix A, the bandwidth is determined by the

window time used for each frequency range. Table 1 shows filter frequency ranges,

sampling rates, cutoff frequencies, and window times used to cover the 0.01-to-100

kHz range investigated in this study.
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Frequency Range of
the Filter

Sampling Rate of

Oscilloscope

1 to 100 kHz

Cutoff Frequency due
to Sampling Rate

Window
Time

10 to 1000 Hz 10.2 kHz 5120 Hz 0.05 s

0.1 to 10 kHz 102 kHz 51.2 kHz 0.005 s

128 kI-Iz 0.002 s256 kHz

Table 1. Sampling Rate and Frequency Information

Results

Line Noise Characteristics

Line noise measurements were made at several contactor operating conditions

and power-spectral density data were calculated from them. A typical example of

these data, obtained when the contactor was collecting 940 mA of current (JcE = "

940 mA) from the ambient plasma are given in Fig. 12. This figure shows the power

spectral density reaches a broad peak near 1000 Hz and then exhibits a general

decrease at a rate between 1 and 2 decades per decade of frequency above this

frequency. Additional useful information can be obtained from the data in Fig. 12 by

integrating under portions of the plot. For example, the area under the plot from 1 to

10 kHz is 4570 mA 2 so the root-mean-square of the current fluctuations, Alms, for

this frequency range is (4570) vl = 67.6 mA, or -7% of the collected current.

Typical examples of PSD plots obtained when emission current, JcE, was

varied over the range from 1000 mA of electron emission to 1000 mA of electron

collection are shown in Fig. 13. The actual contactor-potential/emission current

operating points associated with the PSD data axe identified by the circular data points

in the central, contactor performance plot. The PSD plot in the lower right comer

(IcE = -940 mA) is the one shown previously in Fig. 12. The PSD data in Fig. 13
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suggest that noise levels are generally 1) greater at the higher collection and emission

currents and 2) lower for operation in the emission mode than they are for the

collection mode. Resonances appear to be driven by 60 Hz noise from power

supplies (e.g. the 120 and 240 Hz peaks for JcE= 1000 mA) and possibly by ion-

acoustic phenomena (1-kHz peaks axe within the range of ion-acoustic phenomena for

the plasma conditions and geometry involved). Peaks near 1 kHz, which seem to be

present in three of the plots, are especially strong for the JcE= -940 mA data. The

peaks which appear at 100 kHz in three of the plots are near the timit of resolution of

the oscilloscope used to make the measurements and their validity is considered

questionable.

For a wide range of contactor emission currents, AIrm s was calculated by

integrating the PSD associated with each emission current for the two frequency

ranges 0.01 to 1 kHz and 1 to 100 kHz. The results, which plotted in Fig. 14 as a

function of JCE, confirm the previously mentioned observation that 1) noise levels

generally increase with emission or collection current magnitudes and 2) noise levels

are generally lower for electron emission than they are for electron coUection.

However, they also show there are discontinuities in these trends. For example, the

lower-frequency values of AIms (upper plo0 generally increase modestly with the

magnitude of the electron-emission current JcE. However, there is a sudden increase

in Alrms for JCE in the range between -300 and -500 mA. Similar behavior occurs in

the higher-frequency range near a 300 mA electron-emission current (lower plo0. It

is suspected the transition to higher noise levels in the electron-coUection regime

(upper plot) was induced by contactor-power supply interactions accompanied by

transitions into and from the ignited mode of contactor operation [3]. The reason for
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the other transition (at 300 mA in the high-frequency range) is uncertain. Except for

these transition zones, it appeared that Airms was proportional to the emission current

in both frequency ranges with Airms exhibiting the reasonable trend of decaying

toward zero as JcE was reduced. Typically, noise levels in the emission mode are

-2 % of the emitted current while in the collection mode the noise can be as low as

2 % or as great as 20 % of the collected current.

Plasma Noise Measurement_

Noise measurements were made in the plasma downstream of a contactor

collecting electrons using the instrumentation shown in Fig. 1lb. A typical

experiment, which was conducted with the plasma contactor collecting 500 mA of

electron current (JcE = -500 mA) from the simulator, yielded the plasma potential

profile shown in Fig. 15. Here, the plasma potential, Vp, undergoes a 10 V drop in a

double layer located - 15 cm downstream from the contactor. The triangles in

Fig. 15 indicate where plasma noise measurements were made.

Current fluctuations to the Langmuir probe were recorded on the oscilloscope

and as before, the FFT computer program was used to analyze the data to compute .

PSD and Alms. These current fluctuation results could have been plotted directly,

but it was considered more useful to present the data as fluctuations in the properties

most likely to have induced the current fluctuations, namely plasma potential and/or

density. Potential fluctuation signals were computed from the current data using the

slope of a Langmuir probe voltage/current curve at plasma potential and assuming

density did not fluctuate, hence they represent maximum potential fluctuations.

Conversely, maximum plasma density fluctuations were determined by assuming

potentials did not fluctuate. For both cases, the electron temperature was assumed to
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remain relatively constant.

The PSD data plotted in terms of plasma density and plasma potential at a

location just downstream of the contactor (Z = 7.5 cm) are shown in the dual y-axis

plot in Fig. 16a. Here the mean-squared-density per unit bandwidth (left side in

units of cm'6/Hz) and the mean-squared-potential per unit bandwidth (right side in

units of V2/Hz) are plotted as functions of frequency on a log-log scale. The data in

the figure show evidence of significant noise at 60 and 120 Hz (probably induced by

the contactor power supplies) in addition to components at 700 Hz and 13 kHz.

Further downstream, at Z = 13 cm (Fig. 16b), the data indicate the same signals of

60, 120, and 700 Hz but the 13 kHz signal found at Z = 7.5 cm (Fig. 16a) is not

present and the reason why the signal would appear at one location and not the other

is unknown. The noise data obtained downstream of the double layer (Z = 23, 33

cm) are presented in Fig. 17. They contain the same PSD component at 700 Hz, in

addition to strong components at 3900 Hz (Fig. 17a) and 2800 Hz (Fig. 1To).

Frequencies in the 700 to 4000 Hz range are consistent with waves that propagate at

the ion-acoustic velocity and are reflected off of structure, such as the vacuum

chamber walls located on the order of a meter from the double layer.

The ratio of the root-mean-square current fluctuations integrated over a

prescribed frequency range, A/ms , to the mean current to the probe at plasma

potential, Jp, is also descriptive of plasma noise. The square of this ratio is, in fact,

proportional to the ratio of turbulent energy-to-mean thermal energy in the plasma

[12]. The data of Figs, 16 and 17 have been re-plotted in terms of this ratio for low

and higher frequency ranges (0.01-to-1 kHz and 1-to-100 kHz, respectively) in

Fig. 18. From this figure it is apparent that, 1) modest noise is produced in the low-
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frequency range, 2) this noise peaks near the upstream boundary of the double layer,

3) high-frequency noise is more substantial than low-frequency noise and 4) low-

frequency noise peaks near the downstream boundary of the double layer.

Discussion

Results from several experiments suggest noise in the plasma contactor return

line is generally greater when the contactor is collecting electrons than when it is

emitting them. The experiments reveal noise levels are roughly proportional to the

amount of current collected or emitted except for a few transition regions where

sudden increases in noise are observed. When the contactor is collecting electrons,

these noise levels generally vary between 2 % and 20 % of the collected current.

When the contactor is emitting electrons, the noise is -2 % of the emitted current.

The 20% noise levels in the electron collection mode could be due to power supply

interference possibly coupled to the transition between the un-ignited and ignited

modes [3] of contactor operation.

Plasma noise measurements reveal density and/or potential fluctuations that are

probably driven by the harmonics of 60 Hz power supply noise. They also reflect

higher frequencies (in the order of kHz) which are consistent with waves propagating

between plasma and physical structures at the ion acoustic velocity. In this case, the

plasma and physical structures could be the double layer and vacuum-chamber walls,

respectively [13]. In a space environment, this mechanism of noise production could

be subdued because any structure adjacent to the contactor and double layer would be

much more transparent than the vacuum chamber which completely surrounds the

ground-based experiments.

The work reported herein in considered preliminary and incomplete.
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Additional experiments will focus on 1) plasma noise produced by contactors emitting

electrons, 2) the effects of contactor operating conditions on general noise levels, and

3) the emission and collection currents at which plasma noise levels undergo

transitions to the higher (-20% of mean plasma current) values. Additional effort

will focus on the mechanisms through which the noise is created; this is expected to

lead to an understanding of the extent to which noise measured in ground-based

experiments will develop in space.
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CONSTRUCTION AND TESTING OF A PROBE POSITIONING SYSTEM

Brett Buchholtz

A probe-cart system for positioning various probes within the vacuum chamber

which houses plasma-contacting experiments at Colorado State University has been

designed, constructed, and tested. This system is shown schematically with front,

side, and top views in Fig. 19. The wheels on the cart from which the probes are

supported move axially along the two stainless steel guide tracks in response to forces

exerted via the wire rope shown in the figure. This rope system, which can pull the

cart in either axial direction, is driven via a shaft and chain drive from outside the

tank. A small DC motor, mounted on the cart, rotates a cantilevered support arm

which in turn holds a probe in the manner suggested by the figure. The motor and its

controller are shielded to prevent electrical noise radiated by the motor from

interfering with the probe position sensing apparatus and/or the plasma measurements

made by the probes. Axial and radial probe positions are sensed as voltage drops

across potentiometers and are transmitted outside the vacuum tank. A wire retrieval

system (not shown in the figure) retracts (or feeds) the motor control, position

sensing, and probe wires, which are all attached from an electrical feed-through to the

moving cart.

After the cart system had been designed and built, an emissive probe was

mounted to the cart. The probe was used to measure the plasma potential variation

along the tank centerline through a plasma double layer produced downstream of a

contactor collecting a 210 mA of electron current (JCE = -210 mA). A centerline

plasma-potential profile was also measured in this same plasma environment using an
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essentially identical emissive probe mounted on the previous positioning system (the

long push-rod assembly iUustrated in Fig. 1). Identical probe heating and data-

acquisition apparatus was used for both measurements. The resulting potential

profiles are compared as the solid and dashed lines shown in Fig. 20. These lines

show a potential difference of a few volts, but they are otherwise quite similar. The

small differences in the profiles could be due to slight differences in contactor

operating conditions, probe construction, and/or axial probing trajectories. In any

case, the resuRs are considered to agree sufficiently well so it can be concluded the

probe-cart system yields plasma-potential data similar to those obtained using the old

system. The new probing system is better supported and more stable, therefore it is

expected to yield more accurate results in regions far downstream of the contactor.
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APPENDIX A

ACQUIRING AND INTERPRETING LINE.. AND PLASMA-NOISE DATA

by Brett Buchholtz

The investigation of electrostatic noise requires an examination of fluctuating

signals in order to determine the possible source(s) and/or the production

mechanism(s) related to the noise. For example, the current drawn to a Langmuir

probe from a plasma generally fluctuates about a mean value because plasma density,

potential, and/or temperature are fluctuating at the probe. In order to gain

understanding of the phenomena that induce these fluctuations, it is useful to examine

the frequency spectra (spectral composition) of the fluctuations. Such spectra can be

obtained from experimental Langmuir probe current data using Fourier transforms.

Recall, a Fourier transform takes a continuous function, or signal, in the time domain

and converts it into a function in the frequency domain. Figure Ala illustrates a

fluctuating signal, in this case a sine wave in the time domain which has amplitude

A1, frequency fn, and period r, where r = 1/f n. The sine wave also has a phase shift

_, but this parameter will generally be unimportant in the applications being

considered. The sine wave of Fig. Ala is represented in the frequency domain by the

plot of amplitude as a function of frequency shown in Fig. Alb.

In order to apply the Fourier transform procedure, a continuous function over

an infinite time interval is required. Data are, however, only collected over a finite

interval. A discrete Fourier transform (DFT) facilitates the conversion of a signal in

a finite-time domain, represented by a discrete number of data points, into the
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frequency domain. There have been algorithms developed to estimate the DFT,

however, depending upon the number of data points involved, they can require

excessive amounts of computational time. The fast Fourier transform (FFT) is an

algorithm designed to compute the DFT more efficiently (i.e. in less time) [8,9].

Therefore, a FFT can be used to convert a signal, represented by discrete data points,

collected over a finite-time interval into its frequency components rapidly. There are

two features of FFT's, namely windowing and aliasing, which can introduce errors

into the results and should, therefore, be understood before one attempts to use the

FFT.

Windowing

The concept of windowing is illustrated by the various plots shown in Fig. A2.

First, consider the continuous signal shown in Fig. A2a and the window (a unit step

function of duration T), shown in Fig. A2c, through which the data are to be

collected. The result of multiplying the continuous signal and the window is pictured

in Fig. A2e. The window passes the full amplitude of the original signal for a f'mite

duration and it is this portion of the signal which the FFT algorithm uses. Fast-

Fourier-transform analysis assumes the input signal being used is continuous in the

time domain so for the present case, where the window has passed only a finite

segment of the continuous signal, the windowed signal is assumed to repeat. The

ideal Fourier transform of the sine wave (Fig. A2a) is represented by the spike shown

in Fig. A2b. The Fourier transform of the unit step function, on the other hand,

exhibits a peak at zero frequency coupled with some roll off into higher frequencies

(Fig A2d). When the two transforms (Fig. A2b and A2d) are convoluted in the

frequency domain, the fast Fourier transform of the non-continuous signal is obtained
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(Fig. A2f). This transform contains leakage, known as side-lobe leakage, which

occurs from inputing the abrupt, windowed signal into the FFT. Side-lobe leakage is

not present in the ideal transform and is, therefore, erroneous and it should be

removed.

In order to reduce side-lobe leakage, other types of windows can be used. For

example, Fig. A3a shows the same continuous signal (i.e. the one of Fig. A2a) which

will be convoluted with another window known as the Harming, or cosine-squared

window (Fig. A3c). The product of these two signals (Fig. A3e) is tapered i.e. its

amplitude varies with time. Hence, using this window to pass the data into the FFT

causes attenuation of the ripple associated with abrupt changes at the window edges

thereby reducing the amplitude of the side-lobe leakage. In the frequency domain, the

Fourier transform of the continuous signal is again represented by a spike (Fig. A3b).

The transform of the Harming window (Fig. A3d) has less roll off than the unit step

function transform (Fig. A2d). More importantly, the fast Fourier transform of the

non-continuous, windowed signal, depicted in Fig. A3f, exhibits reduced side-lobe

leakage. The Harming window does produce overalJ amplitude loss in the FFT but

this loss is predictable and, therefore, correctable [9].

Proper windowing reduces side-lobe leakage into other frequencies thereby

yielding a high resolution spectral plot (i.e. one in which amplitudes associated with

two similar frequency components, which are close together, can be resolved).

Thinking of windowing as the amplitude per unit time used in the FFT algorithm, one

observes that greater window amplitudes near the window edges induces greater side-

lobe leakage. There are many different windows [14] and the preferred one depends

on the resolution required. The Harming window is commonly used for the FFT
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because it yields acceptable resolution and, therefore, is used in the analyses

presented in this report.

Aliasing

Aliasing, like windowing, yields false amplitudes in a spectrum but, unlike

windowing, these false amplitudes tend to appear at frequencies far from the true

frequency rather than as adjacent, roll-off signals. Hence, these false amplitudes are

more difficult to identify and eliminate. Errors due to aliasing are generally

prevented by using both mathematical (transform-related) and physical (raw data

collection-related) procedures. The mathematical procedures exploit the fact that the

FFT uses discrete data points which are sampled from the input signal. Aliasing can

occur when an insufficient number of data points are collected (sampled). For

example, Fig. A4a depicts a sine wave, with frequency, fn, being sampled at rate

which yields the five solid points indicated. When these are the only data analyzed, a

false frequency is detected in the frequency domain (Fig. A4b). This can be

prevented by sampling at a higher rate. For instance, the minimum sampling rate

required to prevent aliasing is determined by the Nyquist criterion [7,_9] and is equal

to 2f n where fa is the maximum frequency sensed in the data. When this condition is

invoked, the data points in Fig. A4c are obtained and the proper spectral plot

(Fig. A4d) is realized.

If a signal contains more than one frequency component, aliasing is prevented

by sampling at a rate greater than or equal to 2fc, where fc is defined as the cutoff

frequency and is the highest frequency component in the signal. The cutoff

frequency, fe, is directly related to the number of data points taken in the finite time

T (the window time). For example, Fig. A5a shows a spectrum of a signal which
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contains two frequency components, fa and fb" If this signal is sampled at a rate of

2fc, where fa < fc < fb, the frequency, fb, will be improperly detected or aliased

because the sampling rate is too low (Fig. ASb).

In many cases the highest frequency in the data is unknown so physical means

must also be used to minimize errors due to aliasing. Physical prevention of aliasing

makes use of filters to remove high frequency signals and thereby establish a physical

cutoff frequency (the cutoff frequency of the filter). Figure A6a illustrates a fictitious

Fourier transform of a signal containing two groups of frequency components which

lie reasonably close together. If the sampling rate of this signal corresponds to a

cutoff frequency fc, and a filter is not installed to eliminate high frequencies, aliasing

will occur when the Fourier transform has been applied (Fig. A6b). The extent to

which this problem can be corrected depends upon the attenuation characteristics of

the physical filter through which the data are collected which are illustrated

qualitatively in Fig. A6c. When an ideal filter with a cutoff frequency, f¢, is used to

filter the signal (Fig. A6a) and the sampling rate is adequate (> 2f¢), only frequencies

below f¢ are passed and the aliased portion is completely removed (Fig. A6d). With

real filters, aliased signals are present to a lesser extent as the low and high

attenuation filter curves in Fig. A6d suggest. Therefore, if a filter is used to

eliminate frequency components above the frequency determined by the sampling rate,

the effects of aliasing can be reduced to acceptable levels in the Fourier transform.

A summary of the appropriate steps which are taken to ensure an accurate FFT

is illustrated in Fig. A7. First, a signal is passed through a low pass (or bandpass),

high attenuation filter providing a physical cut-off frequency. Second, the data are

sampled, or digitized, at a rate greater then or equal to twice the cut-off frequency to

52



X

L

/
FREQUENCY [HzJ

C

r

X

q

E

E

/
FREQUENCY [Hz] f

C

y

a) True Spectrum b) Aliased Spectrum

1,0

c
<

,)...

0

<

0

LOW A'r'TE_ATtON FI.TER

_GH I

A_A_ _

NI.'r_

NL'II_
|

FREQUENCY [Hz] f
¢

c) Filter Characteristics

x

LOW ATTENUA"rION FILTER

t_

=

/
FREQUENCY [Hz]

HIGH

/ A_ATION

FILTER

A
DEAL

!1 /a.T_

dr/I,

C

d) Filtered Spectrum

Fig. A6 Filter Effects on Aliasing

53



INPUT SIGNAL

LOW PASS

HIGH ATTENUATION

FILTER

WINDOW

CONTINUOUS SIGNAL

OI
.___. x

X

TIME

FFT

ALGORITHM
X

FREQUENCY

Fig. A? Summary of Signal Processing Steps

54



preventaliasing. Next, using a computer with the appropriate software, the digitized

signal is windowed (a Harming window is used for our analyses) and the fast Fourier

transform is computed.

Interpreting Power Spectral Density Plots

After the FFT has been computed with acceptably small errors using the steps

mentioned previously, results are often presented as autospectral, or power spectral,

density plots (PSD). These plots are useful tools for studying noise because 1)

dominant frequencies can be determined and 2) the rms value of a noise-related

amplitude (e.g. current) over certain frequency ranges can be estimated. The PSD is

defined as the mean-squared amplitude of a signal at a given frequency divided by the

bandwidth associated with the measurement [9]. The bandwidth, which is the lowest

frequency detectable by the FFT, is equal to 1/T where T is the window time. The

PSD is estimated by squaring the amplitude corresponding to a particular frequency

(computed from the FFT) and then dividing by this bandwidth. A typical PSD is

plotted as a function of frequency in Fig. A8 where the scales are log-log and the

units (for this case) are mean-squared current per unit bandwidth (mA2/Hz). Power-

spectral-density plots are frequently integrated over a prescribed frequency range to

obtain a mean-squared value of the amplitude for that frequency range. For example,

Fig. A9 shown the same PSD plot as Fig. A8 and illustrates the area between

frequencies fa and fb is 900 mA 2. Therefore, the root-mean-square (rms) current for

Fig. A9 in the frequency range 100 to 1000 Hz is 30 mA. The rms current for an

entire PSD plot (Fig. 9, for example) is determined by integrating over the full

frequency range (0 to o.).
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